The mechanisms causing millimeter-wave polarization in protoplanetary disks are under debate. To disentangle the polarization mechanisms, we observe the protoplanetary disk around HL Tau at 3.1 mm with the Atacama Large Millimeter/submillimeter Array (ALMA), which had polarization detected with CARMA at 1.3 mm. We successfully detect the ring-like azimuthal polarized emission at 3.1 mm. This indicates that dust grains are aligned with the major axis being in the azimuthal direction, which is consistent with the theory of radiative alignment of elongated dust grains, where the major axis of dust grains is perpendicular to the radiation flux. Furthermore, the morphology of the polarization vectors at 3.1 mm is completely different from those at 1.3 mm. We interpret that the polarization at 3.1 mm to be dominated by the grain alignment with the radiative flux producing azimuthal polarization vectors, while the self-scattering dominates at 1.3 mm and produces the polarization vectors parallel to the minor axis of the disk. By modeling the total polarization fraction with a single grain population model, the maximum grain size is constrained to be 100 µm, which is smaller than the previous predictions based on the spectral index between ALMA at 3 mm and VLA at 7 mm.
INTRODUCTION
The millimeter-wave polarization of circumstellar disks is a powerful tool to investigate the grain properties. However, the mechanisms that produce the millimeter-wave polarization are under debate.
There have been two mechanisms proposed that can explain millimeter-wave polarization in protoplanetary disks: the alignment and scattering of dust grains. The polarized thermal dust emission has been used as a tracer of magnetic fields in scales of molecular clouds and star-forming regions (e.g., Lai et al. 2001 Lai et al. , 2002 Girart et al. 2006 Girart et al. , 2009 Rao et al. 2009; Stephens et al. 2013; Hull et al. 2013 Hull et al. , 2014 Cortes et al. 2016; Planck Collaboration et al. 2016; Ward-Thompson et al. 2017) or circumstellar disks around Class 0-I protostars (Rao et al. 2014; Segura-Cox et al. 2015) . It is considered that the major axis of elongated dust grains is aligned with the direction perpendicular to magnetic fields with a help of radiative torque (e.g., Lazarian & Hoang 2007) . In protoplanetary disks, if the dust grains are aligned with magnetic fields, the polarization fraction is expected to be high enough to detect with interferometers (Cho & Lazarian 2007; Bertrang et al. 2017) . However, there were many attempts to detect polarized emission from protoplanetary disks around Class II or III protostars, which resulted in non-detections (Hughes et al. 2009 (Hughes et al. , 2013 . It has recently been pointed out that dust grains in disks may not align with magnetic fields but with radiation fields (Tazaki et al. 2017) .
The other possibility of the polarization mechanisms is the self-scattering of the thermal dust emission (Kataoka et al. 2015) . If the grain size is comparable to the wavelengths, scattering-induced polarization can produce 2-3 % polarization from protoplanetary disks. If it is the case, we can constrain the grain size from the polarization fraction. Together with dust coagulation theory, we can test the grain growth theory with polarization observations (Pohl et al. 2016) .
There have been two resolved detections of mm-wave polarization for disks that are Class I or older. The first detection was made on the protoplanetary disk around HL Tau with CARMA at 1.3 mm and SMA at 0.87 mm (Stephens et al. 2014) . The polarization vectors are parallel to the direction of the minor axis of the disk. This morphology has been first interpreted as complex magnetic fields dominated by toroidal components (see also Matsakos et al. 2016) . However, the polarimetric image can also be interpreted with the self-scattering (Kataoka et al. 2016a; Yang et al. 2016) . The other polarization detection is from the disk around HD 142527, which has conspicuous asymmetric ring emission of dust continuum at the wavelength of 0.87 mm (Kataoka et al. 2016b) . The polarization vectors are mainly directed radially, but are directed azimuthally in the outer region of the disk. The flip of the polarization vectors are expected from the self-scattering theory (Kataoka et al. 2015 ). This confirms that the self-scattering is working on the protoplanetary disk. However, it does not exclude the possibility of the grain alignment.
To disentangle the mechanisms between the grain alignment and self-scattering, multi-wave polarization observations are essential. The wavelength dependence of the polarization fraction is not strong in the case of the grain alignment while it is strong in the case of the self-scattering because the scattering-induced polarization is efficient only when the maximum grain size is around λ/2π where λ is the wavelengths (Kataoka et al. 2015) .
To obtain the wavelength-dependent polarimetric images, we observe the HL Tau disk with Atacama Large Millimeter/submillimeter Array (ALMA) with using Band 3. HL Tau is a young star in Taurus molecular cloud with the distance of 140 pc (Rebull et al. 2004) . The circumstellar disk is around in ∼ 100 AU scale (Kwon et al. 2011) . The disk has several ring and gap structures with tens of AU scales (ALMA Partnership et al. 2015) . The observed band corresponds to wavelengths of 3.1 mm, which is sufficiently longer than the previous CARMA polarimetric observations at 1.3 mm (Stephens et al. 2014 ). A.Kataoka). The antenna configuration was C40-6, and 41 antennas were operating. The correlater processed four spectral windows centered at 90.5, 92.5, 102.5, and 104.5 GHz with a bandwidth of 1.75 GHz each. The bandpass, amplitude and phase were calibrated by observations of J0510+1800, J0423-0120, and J0431+1731, respectively, and the polarization calibration was performed by observations of J0510+1800. The raw data were reduced by the EA-ARC staff.
We further perform the iterative CLEAN deconvolution imaging with self-calibration to improve the image quality. We employ the briggs weighting with the robust parameter of 0.5 and the multiscale option with scale parameters of 0, 0.3, 0.9 arcsec. The beam size of the final product is 0.45 × 0.29 , corresponding to ∼ 63 × 41 AU at the distance of 140 pc to the target. The rms for Stokes I, Q, U is 9.6, 6.9, 6.9 µJy, respectively. (10, 20, 40, 80, 160, 320, 640, 1280) × the rms of 9.6 µJy. The bottom panel shows that the polarization fraction in color scale, polarization vectors in red, and the same continuum intensity contours as the top.
in color scale and the others are the same as the top panel. Due to the lower spatial resolution than the long baseline campaign (ALMA Partnership et al. 2015) , the multiple ring and gap structure of the continuum is not resolved. The total flux density is 75.1 mJy, which is consistent with the previous ALMA observations with Band 3 (74.3 mJy; ALMA Partnership et al. 2015) . We successfully detect the ring-like polarized emission at 3.1 mm. The polarized intensity has a peak of 145 µJy/beam, which corresponds to 21 sigma detection with the rms of 6.9 µJy. The peak of the polarized intensity is not located at the central star but on the ring. We see three blobs on the ring but it may be due to the interferometric effects. The polarized intensity at the location of the central star is lower than the other regions. We interpret this structure as beam dilution of the central region where polarization is expected to be azimuthal and thus canceled out to each other. The polarization fraction is around 1.8 % on the ring.
The flux densities of the entire disk are −39.7 µJy for Stokes Q and −40.6 µJy for Stokes U. Therefore, the integrated polarized intensity is P I = Q 2 + U 2 − σ 2 PI = 56.4 µJy. Dividing the total polarized intensity by the total Stokes I, we obtain 0.08 % for the total polarization fraction. The instrumental polarization contamination of the ALMA interferometers is the polarization fraction of 0.1 % for a point source in the center of the field or 0.3 % within up to the inner 1/3 of the FWHM (see the technical handbook of ALMA. More discussion is found in Nagai et al. 2016) . The derived polarization fraction of the integrated flux corresponds to the case of the point source. Therefore, the upper limit of the integrated polarization fraction of the HL Tau disk at 3.1 mm by our observations is 0.1 %. The low total polarization fraction means that we could not have detected polarization if we had not resolved the target.
DISCUSSIONS 4.1. Comparison with the previous observations
To interpret the polarization emission from HL Tau, we compare the ALMA results with the previous observations. We show the CARMA polarization observations by Stephens et al. 2014 in Fig. 2(a) , where we show the polarization vectors, while the original paper presents vectors rotated by 90 degrees to show inferred magnetic fields (i.e., if polarization is due to grains aligned with the magnetic field). For the comparison, we smooth the ALMA observations with the beam size of 0.65 × 0.56 and PA of 79.5 degrees, which is the beam size of the CARMA observations (Stephens et al. 2014) , as shown in Fig. 2(b) .
The 3.1-mm polarization morphology with our ALMA observation is completely different from that at 1.3 mm. At 1.3 mm, the polarization vectors show the direction parallel to the minor axis. At 3.1 mm, however, the polarization vectors show the circular pattern.
To interpret the strong dependence of the polarization on the wavelengths, we consider three possibilities: alignment by magnetic fields, alignment by radiation anisotropy, and self-scattering of thermal dust emission. Figure 3 shows the schematic illustration of the polarization vectors with the three different mechanisms. Figure  3 (a) shows the case of the grain alignment with toroidal magnetic fields (e.g., Cho & Lazarian 2007 ). As we expect the major axis of the grains is aligned perpendicular to the magnetic fields. In the existence of the toroidal magnetic fields (e.g., Brandenburg et al. 1995) , the polarization vectors are in the radial direction. Figure 3  (b) shows the case of the grain alignment with radiation anisotropies (e.g., Tazaki et al. 2017) . The flux gradient is in general in the outgoing radial direction. Considering that the major axis of the grains is perpendicular to the flux gradient, the polarization vectors should be in the azimuthal direction. Figure 3 (c) shows the case of self-scattering (Kataoka et al. 2015 (Kataoka et al. , 2016a Yang et al. 2016) . The flux coming parallel to the major axis is much stronger than that parallel to the minor axis. This leads to the polarization vectors parallel to the minor axis 2 . In the case of HL Tau, the 3.1 mm polarimetric image is consistent with case (b), which is the alignment with the radiation anisotropy. The polarization vectors are essentially perpendicular to that expected for case (a), and thus we can rule out grain alignment with the toroidal magnetic fields at 3.1 mm. However, we cannot rule out the grain alignment with the poloidal magnetic fields. In the case of 1.3 mm image, however, we interpret it with (c) the self-scattering of the thermal dust emission, which provides the polarization vectors parallel to the minor axis. However, there could be also some contributions of (b) the alignment with the radiation fields to the polarization, which enhances the polarization vectors at the north-west and south-east regions (along the major axis) while decreases the polarization fraction at the north-east and south-west regions (along the minor axis).
The wavelength dependence in the polarization fraction in the case of the self-scattering is strong (Kataoka et al. 2015) while it is weaker in the case of the grain alignment. Therefore, the most natural interpretation is that the alignment with the radiation fields provides the axisymmetric azimuthal polarization vectors on both wavelengths while the self-scattering dominates at 1.3 mm.
Modeling the scattered components
2 While we plot the polarization vectors at the central part of the disk (Kataoka et al. 2016a), the polarization vectors might become azimuthal at the outer edge of the disk because the flux gradient is stronger than the quadrupole components (Pohl et al. 2016; Yang et al. 2016) (a) alignment with toroidal magnetic fields (b) alignment with radiation fields (c) self-scattering By modeling the scattered components of the polarization, we can constrain the grain size in the HL Tau disk. To model the scattering components in polarization, we consider the total polarization fraction across HL Tau. If we integrate the polarization all over the disk, the axisymmetric vectors are canceled out. The scatteringinduced polarization provides the vectors parallel to the minor axis, which resides as the total polarization fraction. However, the alignment with the radiative flux is almost axisymmetric and thus does not contribute so much on the integrated polarization fraction. We estimate the contribution of the radiative flux alignment to the total polarization fraction assuming that the disk is geometrically and optically thin, the local alignment efficiency p is the same in the entire disk (Fiege & Pudritz 2000; Tomisaka 2011) , and there is no wavelength dependence. The contribution is calculated to be 0.114×p and the polarization vectors are parallel to the major axis.
We have already discussed that the upper limit of the total polarization fraction is 0.1 % at 3.1 mm with our ALMA observations. The polarization fraction with SMA is reported to be 0.86±0.4% at 0.87 mm (Stephens et al. 2014) . Note that the detection was 2 sigma significance, which might be an upper limit of the polarization fraction while we use the reported value in Stephens et al. 2014 in this paper. We calculate the total degree of polarization observed with CARMA at 1.3 mm with the data reported by Stephens et al. 2014 , which is 0.52 ± 0.1%. scat (a max = 50 µm) + align scat (a max = 70 µm) + align scat (a max = 100 µm) + align scat (a max = 150 µm) + align Figure 4 compares that the theoretical prediction and the observational results of the total polarization fraction. The contribution of the self-scattering is estimated as P = CP 90 ω, where C is the calibration factor set to be 2.0 %, P 90 is the polarization efficiency for the scattering angle of 90 degrees in a single scattering, and ω is the albedo (Kataoka et al. 2015 (Kataoka et al. , 2016a ). This prediction is confirmed to match the results radiative transfer calculations of the polarization due to the self-scattering within the error of 50 % (Kataoka et al. 2016a ). The dust grains are assumed to be spherical and have a power-law size distribution of n(a) ∝ a −3.5 . We vary the maximum grain size a max for a max = 50, 70, 100 and 150 µm. The contribution of the radiative alignment is estimated in three cases where the local polarization fraction is p = 0, 1.8, and 3.6%. We choose p = 1.8% for the fiducial case based on our observations, but the local polarization fraction could be higher if the spatial resolution is better or smaller if it is diluted by the beam. Then, we obtain the contribution to the total polarization fraction of 0.114 × p = 0, 0.21, and 0.41, respectively.
To explain the results of SMA and CARMA, the selfscattering is essential. In the case of a max = 50 µm, the expected polarization fraction is too low to explain the observations because the albedo is too small at the wavelengths of 0.87 and 1.3 mm. In the case of a max = 150 µm, on the other hand, the polarization fraction is too high to explain the SMA, CARMA, and ALMA observations. In the case of a max = 70 µm, if the contribution from the radiative alignment is small in the range of 0 < p < 1.8%, the observations can be explained. However, if the local alignment efficiency produces p > 1.8%, the total polarization fraction is more than 0.1 % at 3.1 mm, which is not consistent with the upper limit of the ALMA observations. In the case of a max = 100 µm, the combination of the self-scattering and the radiative alignment greatly explains the whole observations. Therefore, we conclude that the maximum grain size is constrained to be a max = 100 µm from the polarimetric observations of SMA, CARMA, and ALMA.
Dust grains in the HL Tau disk
The opacity index of dust grains with a max = 100 µm is the same as the interstellar medium or higher, which corresponds to β ∼ 1.7 or more for the standard mixture of silicate, water ice, or carbonaceous materials (e.g., Miyake & Nakagawa 1993; Ricci et al. 2010) . However, the HL Tau disk has been observed at 7 mm using VLA, and spectral index between 3 mm with ALMA and 7 mm with VLA is around 3.0 (Carrasco-González et al. 2016) . The continuum emissions at 3 mm and 7 mm are optically thin, and thus the opacity index is β ∼ 1.0, which is not consistent with the value inferred from our polarization observations.
One possibility that could resolve this problem would be to consider two dust population. One dust polarization consists primarily of small grains (10s of µm in size) that dominate the polarization in the disk. The second dust population primarily consists of large grains ( 100 µm in size) that produce significant continuum emission but negligible scattering at these wavelengths.
Introducing porosity does not solve the problem. The absorption opacity at millimeter wavelengths is determined by mass-to-area ratio (Kataoka et al. 2014) . To explain the small opacity index, we need more massive aggregates if we consider porous dust aggregates. On the other hand, the scattering properties at long wavelengths are determined by the size of the whole aggregates (Tazaki et al. 2016; Min et al. 2016) . Therefore, the dust aggregates larger than a max = 100 µm produces much more degree of polarization emission at 3.1 mm, which is not consistent with our observations.
Another possibility is to change the constituent materials that determine the refractive index at the millimeter wavelengths. The grain size constraints from the polarization are mainly determined by the wavelength dependence of the albedo, which is determined by the combination of the grain size and observed wavelengths, which does not so much change even if the refractive index is changed. On the other hand, the opacity slope of the dust grains is proportional to the imaginary part of the refractive index at the observed wavelengths. Therefore, it is possible to reconcile the problem by considering a different mixture of grains than those commonly assumed (e.g., Woitke et al. 2016 ).
There are still plenty of parameters that could affect the total polarization fraction: wavelength dependence of the alignment efficiency, optical depth effects, or vertical structure of the disk, etc. Further detailed modeling should be done in future papers.
The small grain sizes that are required to produce the polarization by scattering has huge implications on the mechanisms to form the ring and gap structures of the HL Tau disk (ALMA Partnership et al. 2015) . The inferred grain size suggests that the grains are more coupled with the gas than grains with size of 1 mm or larger. For example, the disk turbulence should be extremely weak because the dust settling is required to reproduce the geometrically thin dust disk (e.g., Pinte et al. 2016) . Furthermore, there are some scenarios that requires the dust to be decoupled from the gas such as trapping dust grains at gas pressure bumps produced by planets (Dipierro et al. 2015) and the secular gravitational instability of the gas and dust disk (Takahashi & Inutsuka 2014) . In the case of the sintering-induced fragmentation at around snowlines, the grain size is determined by the fragmentation properties ), which is not tested with various parameters. The mm-wave polarization requests these scenarios to produce 100 µm grains.
